Infrared absorption measurements at normal incidence of radiation have been carried out on octadecanethiol (ODT) deposited from ethanol-water mixed solutions onto colloidal silver particles (ca. 30 nm diameter) on Si(111) substrates. The infrared absorption spectra taken as functions of silver mass thickness and ODT concentration show that the intensities of the CH 2 asymmetric and symmetric stretch modes of ODT are twice enhanced in comparison to those observed in the absence of the particles. The spectra also reveal that at any ODT concentration the absorption intensities exhibit a maximum for a particular mass thickness of the particles, indicating that the enhancement is linked to the aggregation of the particles. Contribution of the surface plasmon resonance apparently does not play a major role in the present systems. Approximately the same magnitude of enhancement is obtained for silver hydrosol particles exposed to ODT from the solution followed by depositing on the substrates. Scanning electron morphological inspection has been done on the aggregates in relation to the enhancement.
Introduction
Low-dimensional materials such as fine metallic particles and their aggregates possess many interesting properties that are different from those of bulk metals. These materials are the subject of growing interest not only in nanofabrication, but also in a wide variety of fields including optics, electronics, catalysis, coatings, industrial arts etc. 1, 2) Of particular interest is the creation of ordered arrays of spherical metallic colloids with narrow size distributions on solid surfaces, since it provides a tractable model system for theoretical analysis in small particle physics and chemistry. In order to construct such a particle-on-surface system, it is necessary to have knowledge on the particle-particle interaction as well as on their interaction with the supporting surface, each of which will influence the stability of the particles. [3] [4] [5] [6] Surface chemical modification can be regarded as a useful method for stabilizing colloidal metal particles. In the past two decades considerable progress has been made in the self-organization of molecules on solid surfaces. One of the examples can be seen in self-assembling 7, 8) where organic molecules such as long-chain alkanethiols are immobilized on the surface of metals (typically gold and silver) through chemical bonding. If the Langmuir-Blodgett techniques 9, 10) are used together with the self-assembly techniques, it is possible to obtain ordered arrays of colloidal metal particles on a substrate surface, since the space between the particles can be controlled by the size of the interspersed molecules. In that case the interaction between the modified particles and the substrate surface is of primary importance.
Surface enhanced Raman scattering (SERS) of molecules adsorbed on rough surfaces of silver and other related metals such as gold and copper has been the subject of numerous studies. [11] [12] [13] [14] Actually most of the interest has been the roughness-induced enhancement of surface electromagnetic fields. There are many types of SERS-active surface roughness. These include colloidal metal particles, [15] [16] [17] vacuumdeposited metal island films, 18, 19) metal gratings, 20) cold deposited metal films, 21) and oxidation and reduction cycled metal electrodes. 22, 23) It is known that the excitation profiles of SERS observed with colloidal silver sols follow the absorption feature in the UV-visible region due to surface plasmon resonance of the metal particles. The same holds true for SERS observed with evaporated silver island films.
It has been reported that the infrared absorption of molecules adsorbed on silver island films is enhanced. 24, 25) This enhancement is characterized by the facts: only those vibrations that yield a change in the dipole moment perpendicular to the surface of the islands are enhanced 25, 26) and the enhancement saturates at a certain distance (ca. 5 nm) from the metal surface. 27) These features strongly suggest that the enhancement is caused by the increase in the electric field at or near the metal surface due to excitation of the transverse collective electron resonance of the metal islands. 18) This is also supported by the fact that the enhancement depends on film mass thickness and hence film morphology. [28] [29] [30] [31] In view of the general observations of SERS on colloidal particles and island films of silver, it seems to be important to investigate whether colloidal silver particles can enhance the infrared absorption. However, only limited papers 32, 33) have demonstrated such enhancement. Kang et al. 32) reported an absorption enhancement factor of 100 on the basis of their infrared transmission measurements of 9,10-anthraquinone adsorbed on colloidal silver particles. Higuchi et al. 33) employed a diffuse reflectance method to investigate the absorption enhancement of pyridine and benzene derivatives in the presence of silver colloidal particles and found the maximum enhancement factor to be less than 10. In our present paper a similarly small magnitude of infrared absorption enhancement is reported for octadecanethiol (ODT) on silver colloid particles.
Experimental
The colloidal silver solutions used in the present work were prepared by reducing AgNO 3 with excessive NaBH 4 in water as follows. 34) In 3:0 Â 10 À4 m 3 of distilled water, 0.0272 g of AgNO 3 was dissolved. In 3:6 Â 10 À5 m 3 of distilled water, 0.014 g of NaBH 4 was dissolved. Each of these solutions was chilled to 275 K. AgNO 3 was added dropwise to the NaBH 4 solution during which the NaBH 4 solution was stirred well with a stirring magnet. To complete the reduction the resulting solution was stirred thoroughly for 2 h and then kept at room temperature for 24 h. Thus prepared silver hydrosol was pale yellow-brown. In the present study, no attempt was made to remove the byproducts of the preparation such as Na þ , NO 3 À , and H 2 BO 3 À from the hydrosol. The colloidal particles were immobilized on Si(111) wafers (20 Â 30 mm 2 ) by dropping various amounts of the hydrosol. After vaporizing the methanol as well as the water, a mixture of octadecanethiol (ODT)-dissolved ethanol and distilled water (volume ratio 1:5) was dropped onto the particles to take infrared absorption as functions of ODT concentration and dropped amount of the particles. The distilled water was used not only for dilution but also for moderate wetting. Also examined was the case where ODTdissolved ethanol was added to the hydrosol followed by depositing on the substrate. The ethanol was used; otherwise ODT was insoluble in the hydrosol (water).
The infrared measurements were conducted in air at normal incidence of radiation with an FT-IR spectrometer (Bomem: MB-100) equipped with a liquid-nitrogen-cooled MCT detector. All of the FT-IR spectra were taken as the average of 32 scans with a resolution of 4 cm À1 . UV and visible (300-800 nm) absorption measurements were made on the silver hydrosol before and after exposing to various amounts of ODT using a diode-array spectrophotometer (Hamamatsu Photonics: PMA11) and an optical fiber to guide radiation to the detector. The light source was a 150-W Xe lamp. Morphologies of aggregated silver particles on the substrates were observed in a Hitachi S-4500 field emission scanning electron microscope (FE-SEM). The electron acceleration voltage used was 20 kV.
Results and Discussion
3.1 UV-visible and SEM observations of colloidal silver particles The UV-visible absorption spectrum of the as-prepared silver hydrosol is shown in Fig. 1(a) . The spectrum exhibits a single band centered at 395 nm due to surface plasmon resonance of the individual colloidal particles. The peak position is in good agreement with that reported in the literature. 32, 33) The broadness of the band signifies polydispersion of the particles in the hydrosol. Figure 1 (b) depicts the FE-SEM photograph of the silver particles deposited from 5:0 Â 10 À7 m 3 hydrosol onto a Si(111) wafer followed by drying in air. It reveals that the particles are spherical with an average size of approximately 30 nm in consistency with the colloidal particles 35, 36) prepared by the same method.
3.2 Infrared transmission spectra of ODT spread from solution on silver colloid particles Infrared absorption spectra were taken for ODT deposited from a mixture of ODT-dissolved ethanol and water (totally 2:0 Â 10 À8 m 3 ) onto the silver colloid particles on Si(111) substrates. The spectra obtained for deposition of 3.33 and 10.0 mol/m 3 ODT solutions are shown in Fig. 2 as a function of the mass thickness of the silver particles. The bands at 2955, 2917, and 2849 cm À1 are due respectively to the CH 3 asymmetric, CH 2 asymmetric, and CH 2 symmetric stretching vibrations. The CH 3 symmetric stretch mode (ca. 2870 cm À1 ), which ought to be weaker than the CH 3 symmetric stretch mode, is not definitely observed in the spectra. It is seen in Fig. 2 that the intensities of the CH 2 asymmetric and symmetric stretch bands depend on the metal mass thickness, but the intensity ratio of these bands is constant at any mass thickness and at any ODT concentration. Moreover, the intensity ratio was the same as that of corresponding bands observed using the potassium bromide disc technique (not shown here). Thus, very reasonably the ODT molecules are aligned randomly as a whole.
The dependence of the metal mass thickness as well as of the concentration of ODT upon the intensity of the CH 2 asymmetric stretch band (2917 cm À1 ) is summarized in Fig. 3 , where the corresponding data taken in the absence of the silver particles are also shown. It is evident that at any ODT concentration the absorption intensity is enhanced by the colloidal particles. A fact of more importance is that at any ODT concentration the band intensity is a maximum at a mass thickness of 24 nm for which the absorption intensity is enhanced by a factor of 2, which is at least one order of magnitude smaller than that typically observed on vacuumevaporated silver island films. 37) Despite this modest enhancement, the dependence of the absorption intensity upon the metal mass thickness is worth further discussion. Figure 4 shows the FE-SEM images of the silver particles on Si(111) substrates which gave rise to the absorption data (10.0 mol/m 3 ODT) shown in Fig. 3 . It is clear that the colloidal deposits are composed of aggregates whose sizes become larger with increasing mass thickness. It can be deduced from the data shown in Fig. 3 that the largest enhancement is obtained when the particles are moderately aggregated, a feature that is similar to the case of vapordeposited thin silver island films for which the size of the islands as well as the spacing between the islands (channel structure) dominates the magnitude of infrared absorption enhancement. [28] [29] [30] [31] Kang et al. 32) have shown that the infrared absorption of 9,10-anthraquinone is enhanced by a factor of 100 when the molecules were deposited from solution onto silver colloid particles with a mass thickness of 14 nm. Evidently, the enhancement magnitude is much larger than that observed in our present work. This is surprising since their silver hydrosol was prepared by the same method as we employed. Moreover, they spread the metal hydrosol onto a KRS-5 substrate without washing out the ionic species we noted previously. Nevertheless, the 14-nm mass thickness colloid sample before depositing 9,10-anthraquinone was composed of irregularly shaped islands, 32) which clearly indicates coalescence of the particles on the substrate. This appears to be the most likely cause of the large magnitude of enhancement they observed. It is possible in our case that the particles deposited on the substrate had been more or less oxidized by air before the application of ODT.
The experimental relationship between the metal mass thickness and the light transmittance of colloidal silver samples at 3000 cm À1 is shown in Fig. 5 , where each of the transmittance was normalized with respect to the value in the absence of silver particles. It is seen that the transmittance first gradually decreases with increasing mass thickness and then the decrease breaks at a mass thickness of 24 nm, followed by causing an abrupt decrease as the thickness increases to 32 nm. It is interesting to note that the infrared absorption intensity is a maximum at the mass thickness 24 nm (Fig. 3) . Since in general the optical absorption of continuous thin metallic films increases continuously with increasing film thickness, such a discontinuous transmittance change must be explained in a different manner; i.e., the break of the change in light transmittance appears to be the basis for interpreting the enhancement. In this connection, it is informative to note that the infrared absorption enhancement of molecules on vapor-deposited thin silver island films depends on the shape and size of the islands and their proximity to each other. [28] [29] [30] [31] Additionally, the enhancement is caused at the expense of energy of the incident radiation. 38) On the basis of these aspects, the infrared absorption enhancements observed on silver island films have mostly been explained by the excitation of transverse collective resonance of the metal free electrons. Since the colloidal silver particles have some analogy with evaporated silver islands, the enhancement by the colloidal silver particles appears to be relevant to the resonant excitation of the free electrons. The silver hydrosol exhibits a band due to surface plasmon resonance of the separated particles in the UVvisible region, as shown in Fig. 1(a) . By this resonance strong electric fields are generated near the particle surface, thereby contributing to SERS of molecules on silver colloid particles. This is not the case in the infrared region where no such resonance generally occurs. However, there is the possibility that aggregation makes it possible to observe enhanced absorption in the infrared, since it is expected that the resonance would shift to lower frequencies due to the dipoledipole coupling 39) between the metal particles. Actually, Higuchi et al. 33) reported an enhancement factor of 7 for nicotinamide dissolved in silver colloidal solution followed by applying to a filter paper. They also observed a surface plasmon band at 660 nm due to aggregated silver particles. Thus, it seems to be plausible to assume that the break of the transmittance as well as the enhancement we observed is associated with the collective electron resonance. It is likely that the difference in the degree of enhancement observed by us and by Higuchi et al. arises from the difference in the aggregation state of the particles.
Infrared transmission spectra of ODT originally
mixed with silver hydrosol solution It is known that ODT molecules form a self-assembled monolayer on polycrystalline silver via chemical bonding. 40) One may suppose that ODT molecules are chemisorbed on the surface of the colloidal particles when they are introduced from ethanol solution into the hydrosol solution. If it is indeed the case, such adsorption can influence the interaction between the particles in the hydrosol and in turn their stability. In order to address the issues of both colloidal dispersion and stability, UV-visible absorption spectra were taken for the hydrosol solution as a function of the concentration of ODT, the results of which are shown in Fig. 6 . For every case 1:0 Â 10 À5 m 3 of ODT solution was added to 5:0 Â 10 À5 m 3 of the hydrosol. All the spectra were taken after leaving the samples in air for 2 days. We also show, for comparison, the spectrum of the hydrosol before adding ODT, shown in Fig. 1(a) , as well as the spectrum after adding a sufficient amount of ethanol to the hydrosol. As noted previously, the single absorption peak at 395 nm observed before dosing ODT is due to the plasma resonance of the colloidal particles. It is conceivable that the particles are well separated due to repulsive forces operating between the charged particles under the influence of surrounding ions. It was observed that the hydrosol becomes abruptly cloudy and then transparent upon adding ethanol alone to the hydrosol solution. This indicates that the colloid particles initially attracted each other and then precipitated, which is consistent with the observation of a very shallow band in the spectrum shown in Fig. 6 .
A similar explanation is possible for the spectrum obtained when a solution of 0.33 mol/m 3 ODT was added. In this case, however, the absorption maximum takes place at 418 nm, i.e., the band is ca. 30 nm red-shifted from the original position (395 nm). A further shift to 425 nm is observed for 0.66 mol/ m 3 ODT concentration. This shift is also accompanied by the increase of band intensity and width. The increase of the band intensity signifies that the effect of ethanol was washed out; i.e., domination of the effect of ODT more than ethanol is indicated. Thus, ODT chemisorption on the particles is strongly suggested. Moreover, it is most likely that the redshift of the plasma band from the original position arises from the chemisorption, which should cause a change in the interaction between the particles.
A little more intense plasma band could be observed at 418 nm when 1.0 mol/m 3 ODT was added to the hydrosol, as shown in Fig. 6 . This band peak is only a little blue-shifted (7 nm) from the band for the case of 0.66 mol/m 3 . The 6.66 mol/m 3 concentration makes the band shape considerably shallow and asymmetrical though the absorbance itself is high over the entire region. For 10 and 20 mol/m 3 concentrations, more intense absorption occurs which makes the peak position ambiguous. We attribute the widely extended absorption to aggregation of the particles in the solution via surface-adsorbed ODT. In this case saturation of the surface coverage has to occur. The fact that is suggestive of this is the floatation of ODT which was clearly visible for the concentration 20 mol/m 3 , an indication of the insolubility of ODT in the silver hydrosol for that concentration.
Infrared absorption spectra were measured after depositing ODT-dosed silver hydrosols (2:0 Â 10 À8 m 3 ) onto Si(111) substrates followed by drying in air. The mass thickness of the silver particles was fixed at 24 nm to discuss the dependence of ODT concentration upon the absorption enhancement. For the sake of space only data for 0.33, 0.66, and 1.0 mol/m 3 concentrations are shown in Fig. 7(a) . Also shown in Fig. 7(b) are the corresponding spectra that were obtained depositing 2:0 Â 10 samples, the 1.0 mol/m 3 sample exhibits an enhanced absorption spectrum where the CH 2 symmetric and asymmetric stretch bands are two times stronger than those in the absence of the particles. This magnitude is the same as that found for deposition of the 24 nm mass thickness particles from the hydrosol onto the substrate followed by dropping ODT samples which were deposited as the silver mass thickness 24 nm on the substrates. They are shown in Fig. 8 . It is clear that ODT concentration exerts a significant influence on the aggregation of the particles. For the 0.66 mol/m 3 sample that yielded no absorption enhancement as mentioned above, the particles have a mottled appearance even though the substrate is almost completely covered. The 1.0 mol/m 3 sample also exhibits an aggregated structure, but its average size is larger than that found in the 0.66 mol/m 3 sample. Additionally, the surface of the aggregates is relatively smooth. This sample brought about an enhanced absorption, as shown in Fig. 7 . For the 20 mol/m 3 sample, much more smooth and larger aggregates are formed on the substrate. Nevertheless, no significant change in the magnitude of enhancement was observed, as noted above.
The colloidal samples thus treated in this section also showed only a little enhancement. The limited enhancement may be explained by the adsorption of ODT molecules on the particles. For evaporated thin silver island films, much larger magnitudes of enhancement can be obtained, in particular, when relatively flat and elongated islands are formed on the substrate.
39) The specific features account for the importance of dipole-dipole coupling between the islands. When the space between the islands is sufficiently narrow, the dipolar coupling makes the collective electron resonance shift to the red, thereby contributing to infrared absorption enhancement. If the above mechanism is applied to aggregated colloidal particles, the chemical bonding of long-chain molecules such as ODT to the particles would work in a wrong way; it affects the proximity of the particles to each other, thereby lowering the dipolar coupling. A much larger enhancement (100 times) due to silver colloid particles was observed by Kang et al., 32) but their particles were indeed of coalescent islands with sizes in the range 100-250 nm for 14 nm mass thickness. The features are quite different from those we observed. Therefore, some specific interactions between the anthraquinone and the silver particles must be suggested. No coalescent aggregation of the particles should be pointed out to account for the small enhancement we observed.
Conclusions
By means of the normal incidence transmission technique we carried out infrared absorption measurements on ODT molecules adsorbed on the colloidal silver particles deposited from hydrosol solutions onto Si(111) substrates. The results provided convincing evidence that even for the most suitable conditions the intensity of ODT absorption was enhanced only two times in comparison to that in the absence of silver particles. This enhancement is at least one order of magnitude smaller than that observed on evaporated thin silver island films. Therefore, such a modest enhancement has to be considered to be specific to molecules at or near hardly coalescent colloidal metal particles. One of the problems in our ex-situ methods of analysis is that variation of the sample might occur upon removal from the hydrosol solution. More decisive conclusions should be obtained if use is made of insitu analysis. Investigations in this direction will be published. 
